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ABSTRACT 

An experimental investigation was performed in the NASA/Ames Research Center 
3.5-foot Hypersonic Wind Tunnel during April and May 1976 to obtain super- 
sonic heat -distribution data in areas between the orbiter and external 
tank using phase-change paint techniques. The tests used Novanide SSV 
Model 56-OTS in the first and second-stage ascent configurations. 

Data were obtained at a nominal Mach number of 5.3 and a Reynolds number 
per foot of 5 x 10 6 , with angles-of- attack of 0°, +5°, ana sideslip angles 
of 0* and +5°. 
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INTRODUCTION 


An experimental investigation (IH-42) was conducted to obtain supersonic 
heat-distribution data in areas between the orbiter and external tank using 
phase-cho. jm paint technqiues. These heat transfer profiles we "> obtained 
in order to acquire data that oould not be obtained using thermocouple in- 
strumentation. 

Test IH-42 was conducted in the NASA/Ames Reseorch Center 3.5-foot Hypersonic 
Wind Tunnel from April 27 through May 24, 1774. The model used for this test 
was SSV Model 54-OTS, a 0.0175-scale representation of the orbiter and tank/ 
SRB configuration 5. Data were obtained for the first and second-stage 
ascent configurations at M = 5.3 and Re per foot of 5 x 10® which simulated 
ascent flight conditions. 

Data were recorded at angles-of -attack of zero degree and +5 degrees. This 
was the second test that the Rockwell provided photographic system and data 
redu on program were used at the ARC 3.5-foot HWT. 

All test objectives were successfully met, as well as six additional oil- 
flow visualization runs. This report contains information on the conduct 
of the test, details of the model, a summary of the test schedule and con- 
ditions, and typical phase-change paint photographs of the model. 


NOMENCLATURE 

Computer 


Symbol 

Symbol 


C 


Specific heat of model skin material - 
BTU/lbm - °R 

Cp, cp 


Specific heat of airstream (perfect gas 
value) - BTU/lbm - °R 

CHAN 

CHAN 

Recording-system channel 

deg 


Oegrees 

°F 


Degrees Fahrenheit 

ft 


Foot or feet 

Haw 

HAW 

Adiabatic wall enthalpy - BTU/lbm 

Ht 

HT 

Freestream total enthalpy - BTU/lt^ 

Hwi 

HW 

Enthalpy based on model wrll tanperature 
at initial time - BTU/lfcfa 

h 

H 

Heat-transfer coefficient at model wall 
lbn,/ft2-sec 

h s 

HS 

Stagnation-point heat-transfer coefficient 
for reference sphere lbfo/ft z -sec 

h/hs(X.XXX) 

H/HS(X.XXX) 

Ratio of model heat-transfer coefficient 
to heat-transfer coefficient of reference 
sphere for Hg^/Ht * X.XXX 

K 


Thermal conductivity 

L 

LENGTH 

Model reference length - ft 

Ibh. 


Pounds mass 

M, Moo 

MACH 

Freestrean Mach number 

m 


Meter (s), unit of length 

mm 


Millimeter(s), unit of length 

Nr 


Nose radius 

PR 


Prandtl Number 

psi 


Pounds per square inch 

psia 


Absolute pressure ir pounds per square inch 
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(Continued) 


w • 



Symbol 

Pt 

4i 

4s 

°R 

*s 


R®» 

R*o»# L 


see 

T 



T/C 

t 


Computer 

Symbol 

PT 

Q 

QS 


RS 

RE/FT 

Ra 


TT 

TWI 

T/C 


Freestrean total pressure psia 

Heat-transfer rate at model wall at 
Initial time - BTU/ft2-sec 


Stagnation-point heat-transfer rate for 
reference sphere at initial time 

Degrees Rankine 


Reference sphere radius at model scale 
equivalent to 0.305 m (1 ft) for full- 
scale vehicle - ft 

Freestream Reynolds number per foot 

Freestrean Reynolds number based on model 
reference length, L 

Seconds, unit of time 

Temperature - °R 

Initial temperature - °R 

Phase change paint temperature 

Freestrean total temperature - °R 

Model well temperature for given T/C 
location at initial time - ®R 

Thermocoup s 

time - sec 


ti TIME 


Ve 

a 

3 

u 


Initial time (before model insertion into 
flow) 

Velocity at edge of boundary layer 
Model angle of attack, deg 
Model angle of sideslip, deg 
Velocity 


Density of air 


Pm 


Density of model material » Ifc^/ft"* 


& y 
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NOMENCLATURE (Concluded) 


Symbol 

M 

y 

Subscripts 

aw 

i 

PG 

s 

t 

w 


Computer 

Symbol 

Viscosity of air-lb^-sec/ft^ 

Ratio of specific heats f£ 

c v 


Adiabatic wall 

Initial value before model insertion into tunnel flow 
Perfect gas (calorically and thermally perfect gas) 
Reference sphere 
Freestream total condition 
Wall 

Freestrecm 


The coordinate system used for this test is defined by Figure 2. The defi- 
nition of the coordinate system symbols is given as follows: 

b Span, wing tip to wing tip 

c Chord, wing or vertical tail 

1 Orbiter length 

x Distance from nose or leading edge 

y 8.P. distance from centerline 

z Water plane distance, from reference 

plane (FRL § Z = 400 inches) 

0 Orbiter angular measurement 0.0 deg 

bottom centerline 

Subscripts 

N Nozzle 

0 Orbiter reference system 

V Vertical tail reference system 

FT External tank reference system 

X$ Solid rocket motors reference system 
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REMARKS 


The installation of Model 56-OTS began on April 26 , 1976 . The first run 
was attempted orr the night of April 27 , 1 976 . However, during this run 
a severe vibration was observed. This vibration was due primarily to the 
3 + G's of insertion deceleration and normal running loads. 

The or biter -tank attach structures (approximately SO percent of the forward 
and aft protuberances) and the aft SRB-tank attach structures were blown 
off and destroyed. The severe shaking of the arbiter, tank, and SRB's 
crushed and fractured these parts which, like tbs rest of the model, were 
made from Novamide. The damaged Novamide protuberances were replaced with 
stainless steel and the model support hardware was braced to minimize model 
dynamics. 

A combined total of 57 runs were made in approximately 218 occupancy hours. 
Two out of the 57 runs were repeats, although all runs yielded valid data. 
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CONFIGURATIONS INVESTIGATED 


The model used during Test IH-42 was a 0.0175-scale replica of the Space 
Shuttle integrated vehicle-5 configuration, designated Model 56-OTS. 

This model is a phase-change paint model and is described by the VC70-000002 
configuration control drawings modified in July 1975 for support of Test 
IH-42. The external tonic (spike-nosed) was built to VC78-00QQ02D lines, 
and the solid rocket boosters were built to VC77-000002F lines. 

The orbiter model was originally fabricated by Lockheed Aircraft Company 
and was cast in one piece from their proprietory material "LH". The 
external tank and the SRB's were cast in single pieces around a steel sting 
using Novanide 700-55 material and machined to contour . Three complete 
model assemblies were available for this test: Model 56-OTS-l (a paint- 
stripe model), and Models 54-OTS-2 and 54-OTS-3 (test models). 


TEST FACILITY DESCRIPTION 


< 

The NASA/Ames 3.5-foot Hypersonic Wind Tunnel is a closed-circuit blow- 
down-type tunnel capable of operating at nominal Mach numbers of 5, 7, 
and id at pressures to 1800 psia and temperatures to 3400°R for run times 
to four minutes. The major components of the facility include a gus 
storage system where the test gas is stored at 3000 psi, a storage heater 
filled with aluminum-oxide pebbles capable of heating the test gas to 
3400°R, axisymmetrie contoured nozzles with exit diameters of 42 inches 
for generating the desired Mach number, and a 900,000 ft^ vacuum storage 
system which operates to pressures of 0.3 psia. The test sect.' •*. i .seif is 
an open-jet type enclosed within a chamber aporcrin \ .cl / 12-feet in jis7ir„lsr 
and 40-feet in length, arranged transversal/ to the flow direction. 

A model support system is provided that can pitch models through an ungle- 
of -attack range of -20 to +18 degrees, in a vertical plane, about a fixed 
point of rotation on the tunnel centerline. This rotation point is adjustable 
from 1 to 5 feet from the nozzle exit plane. The model normally is out of 
the test stream (strut centerline 37- inches from tunnel centerline) until 
the tunnel test conditions are established after which it is inserted. 
Insertion time is adjustable to as little as 1/2 second and models may be 
inserted at any strut angle. 


4 

* ■ 
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TEST PROCEDURES 


The 54-OTS model was mounted, at various a and 8 confcinations, to the 
tunnel c^jick-insert support mechanism. This mechansim injected the model 
into the oirstrean when steady-state test conditions had been established, 
and retracted the .‘•odel at the completion of data recording. The model 
injection time, time on tunnel centerline, and retraction time were set 
to give a total exposure time of approximately five seconds, of which 
three seconds were on tunnel centerline. The 56 - OTS Model (with protuberances) 
was used to obtain Orbiter ascent aerodynanic heating rates, utilizing 
phase-change paint techniques to determine isotherms of melt lines for 
different temperatures. The type of paint used for this test was Tempelac® 
paint. The specific paint melt temperatures used were 250, 300, 350, 400, 

450, 500, and 550°F. However, the majority of the test was conducted using 
paint melt temperatures of 300 and 400°F. 

Before the testing began, photographs of the grid model were taken for each 
attitude to be investigated. The model was then mounted in the test section 
and painted with the appropriate phase-change paint. The test section was 
closed and the wind tunnel started with the model out of the air stream. The 
model’s initial temperature was recorded and the model was inserted into 
the oirstrean. After each run was completed, the model was retracted and 
separated, and the melt lines between the orbiter and external tank were 

photographed. The model was then washed with solvent and repainted for the 
next run. 

Figures 3a through 3e are photogrqnhs of the Mjdel 54-OTS installation in 
the NASA/ARC 3.5-ft HWT. These photographs are typical of post run condi- 
tions showing the phase-change paint melt lines and the oil-flow character- 
istics for each conf iguration. 
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PHASE-CHANGE PAINT DATA REDUCTION PROCHXIRE 


A special progran was developed for use in conjunction with the photogrqjhic 
instrumentation to automatically reduce heating rate data. The three 35mm 
cameras were synchronized with the time the model came to centerline. The 
resulting data output linked the tunnel h/h reference with the isotherm 
lines visible on each photographic frame taken. This program was used on 
the ARC IBM-360 facility computer. 

This data reduction procedure was developed for use in the NASA/ARC 3.5-ft 
HWT for Test IH-42, as well as the arbiter phase-chan^ paint Test 0H-53B. 
However, after the initial run to obtain the heat transfer paint melt lines 
in the model interstage area for Test IH-42, it became obvious that the 
cameras could not adequately photograph the areas of interest to yield 
definitive data. Therefore, the model components were separated after each 
run and photographs of the melt lines were taken. It should also be noted 
that the automatic data reduction was used only for the last data point 
before model retraction to indicate the heat transfer coefficient. 




DATA REDUCTION 

All test data were reduced at the NASA/ARC using the data reduction 
technique outlined below: 


Phase Change Point Data Reduction 

The aerodynamic heat transfer coefficient was calculated as outlined below 
for each motion picture frame. 


< * hOW-tV.HHtfJJa - {$. h q, (C - T „) 

where: H t * Cp T t r t 6 


9 corrects for thermally perfect, calorically imperfect air. 

9 is calculated as a function of T t using a polynomial curve fit. 


where: 9 


- ( T<a / T t)TPG 
= (T® / T t )PG 


> 1 


TPG - Thermally perfect gas 
PG - Calorically and thermally perfect 


T aw ’ 2 Sa £ Hsr . 2i * 0™ Tt Q 

Cp «t Cp hT * 

^ = 1.0, 0.P or .85 (NOTE: q is independent of 

the Haw Alt used for both h and q evaluations). 

«w Tpc/Tt 

H t = 9 
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DATA REDUCTION (Continued) 


Assuming a semi-infinite slab solution, T is calculated from 


t » fe: T M 

•aw* Tin 

8 is then determined using T and iterating 

2 

1 “ T = e® (1 - erf 8) 

The heat transfer coefficient is then derived by solving: 

, 8 Vkbcl AVG 

h * — 


where: 

Ape 


AVG 



using h. 



To determine h at H aw /H t = 0.? and 0.85 
the value of q for Haw/Ht = 1.0 was 
used in the following: 


DATA RffiUCTION (Concluded) 


For h/h s comparison, the value of h # , the stagnation heat transfer coefficient 


was determined as follows: 

9s * ^s (^t * H w ) 


h = 0.748 (P r "° ,<S 



Is 


where 


dVel m J m 
371s VTC 



P«/P, 


P«/Pt 

?rm 


p s /pt 


Pt2 

Ptl 


• PSRC 
Perf ect 


where PSRC S 


(Pt 2 /Pti ) TPG 
(Pt 2 /Ptj 1 PG 


PSRC corrects for thermally perfect air and was obtained 
from a polynomial curve fit using Tt> 


Ptz 

p tl 


Perfect 




JL, 

Y- 


P./P t s P* 

Pt 


• PRC 


Perfect 


where PRT = | Pco/P ^ 1P 9 

(P»/Pt) PG 


(PRC corrects for thermally perfect air and. is also 
derived using a polynomial curve fit of Tt.) 



Perfect 
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TEST CONDITIONS 


TEST J IH-V2L 


MACH NUMBER 

Free Stream SFat-ic. 
fr«*ivre (PS.IA) 

Fr««sfrcam S+«.fic 
T«mp*r»<*ur* 




.5*. 3 

405 

1300 
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BALANCE UTILIZED: 

CAPACITY: ACCURACY: 


NF 

SF 

AF 

PM 

RM 
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COMMENTS: 
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COEFFICIENT 

TOLERANCE: 
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